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S W R Y  

During the first th ree  months of t he  cur ren t  cont rac t ,  emphasis 

has  been placed on the meteorology of Mars, although some research has 

a l s o  been performed on the  meteorology of Venus. 

are under way: 

The following s tud ie s  

Seasonal Climatology of Mars - I n  t h i s  study, simple theo re t i ca l  

models are developed f o r  determining the  seasonal end l a t i t u d i n a l  varia- 

t i ons  of surface temperature and mean atmospheric temperature, I n  one 

model, t he  surface and mean atmospheric temperatures a r e  computed from 

condi t ions of r ad ia t ive  equilibrium. I n  a second model, the  e f f e c t  of 

t h e  meridional t ranspor t  o f  hea t  by the  atmosphere is included i n  the  

computations of t he  Martian temperature climate. 

Diurnal Variat ion of the  Surface Temperature on Mars - A theo- 

retical  model of the  d iurna l  va r i a t ion  of surface temperature is 

developed. I n  the  model, the  planetary sur face  receives and loses  

energy by the  following processes: absorpt ion of s o l a r  radiat ion,  

emission of long-wave radiat ion,  absorption of atmospheric long-wave 

rad ia t ion ,  eddy conduction of hea t  between the  sur face  and atmosphere, 

and molecular conduction of hea t  between the  sur face  and s o i l  layer. 

This model should be more r e a l i s t i c  than the  one used by Sinton and 

Strong (1960) t o  explain the  observed ind ica t ions  of the d iurna l  ten- 

pe ra tu re  va r i a t ion  a t  the  Martian Burface. 
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Interhemispheric Transport of Weter Vapor and the  Martian I ce  Caps - 
Since the  observed amount of water vapor i n  the  Martian atmosphere i s  much 

less than t h a t  required t o  form the  Martian i c e  caps, i t  hes been sug- 

gested t h a t  the  source of the water vapor for the  forming i c e  cap is the  

water vapor re leased i n t o  the  atmosphere by t h e  melting cap. Studies 

have been begun t o  determine whether large-scale  eddy d i f fus ion  proc- 

esses, with 

deed accomplish the  necessary shu t t l i ng  of water vapor from pole  t o  pole 

wi th in  the required t i m e  periods. 

reasonable values of eddy d i f fus ion  coe f f i c i en t s ,  can in- 

A Comparison of Zonal Wind Velocit ies on Mars end Earth - Based 

upon Gir'ford's (1964) data  on project ion cloud motions, average zonal 

v e l o c i t i e s  a s  a function of Mertian l a t i t u d e  a r e  derived. 'ihese values 

a r e  compared with average zonal ve loc i t i e s  f o r t h e  Earth 's  troposphere. 

The general  shapes of the  curves representing the  l a t i t u d i n a l  va r i a t ion  

of zonal ve loc i ty  a r e  similar, both being character ized by maximum 

vesterlies a t  middle l a t i t udes .  More de ta i led  conclusions a r e  not 

warranted a t  t h i s  t i m e  s ince  the  Mcrtian da ta  sample i s  extremely small 

and t h e  i n t e r p r e t a t i o n  of Martian cloud d r i f t s  as wind v e l o c i t i e s  - 
r a t h e r  than storm v e l o c i t i e s  - is open t o  question. 

Atmospheric Circuiai iuLi  i.il ths T.'c.n~sicr? Atrnccshern - Attempts t o  

so lve  by Bini te  d i f fe rence  techniques the  equations r e s u l t i n g  from the  

convective model of  t he  general  c i rcu la t ion  of the Venusian atmosphere 

described i n  our 

net7 approach t o  the  so lu t ion  02 the equations is being invest igated.  

Final  Report on NASw-975 have been unsuccessful. A 
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Rather than using f i n i t e  di22erence techniques, Fourier series so lu t ions  

a r e  assumed for t he  dependent varlables.  

it should be poss ib le  t o  determine the c o e f f i c i e n t s  of the  assumed 

Fourier series. 

By l i n e a r  a lgebra ic  techniques, 

The Composition of t h e  Venusian Clouds -One of t h e  arguments 

t h a t  have been presented aga ins t  a water o r  ice composition fo r  t h e  

Venusian clouds is based upon a comparison of t h e  water vapor mixing 

r a t i o  i n  t h e  Venusian atmosphere, as deduced from spectrometric obser- 

va t ions  of atmospheric water vapor abundance, with the  mixing r a t i o  

requi red  f o r  water vapor sa tu ra t ion  a t  t he  temperature and pressure  of 

t h e  Venusian cloud-top. Such a comparison ind ica t e s  t h a t  t h e  observed 

mixing r a t i o  i s  Ear below t h a t  required f o r  sa tura t ion .  

deduction of t h e  water vapor mixing r a t i o  has  been based upon t h e  

assumption t h a t  t h e  mixing r a t i o  is constant with a l t i t u d e .  

Earth 's  atmosphere, t h e  water vapor mixing r a t i o  decreases r ap id ly  

with he ight ,  e spec ia l ly  i n  t h e  upper troposphere. 

compute t h e  water vapor mixing r a t i o  t h a t  would be present a t  t he  l e v e l  

of  t h e  Venusian cloud-top if, on Venus, the mixing r a t i o  decreases with 

a l t i t u d e  a t  r a t e s  comparable t o  those i n  the  Earth 's  atmosphere. 

t o t a l  water vapor amount is kept compatible with t h e  observed amounts. 

Comparison of t h e  cloud-top mixing r a t i o  computed i n  t h i s  manner with 

t h e  requi red  s a t u r a t i o n  mixing r a t i o  r evea l s  t h a t ,  under c e r t a i n  condi- 

t i o n s ,  s a t u r a t i o n  can indeed be achieved. Thus, under c e r t a i n  conditions,  

t h e  observed water vapor amounts are not incompatible with a Venusian 

cloud composed or' ice. 

However, t h e  

I n  t h e  

In t h i s  study, we 

The 

iii 
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SECTIOi? 1 

HETEOROLOGY OF MARS 

1.1 THE SWSONAL CLIMATOLOGY OF MARS 

1.1.1 Introduction. The climate on Mars has been a subject of 

debate since the invention 04 the telescope. The basis for a study of 

Martian climatology is the selding together of available observational 

data and appropriate theory. Prior to the early radiometric measure- 

ments 0 2  Mars by Coblentz and Lampland (l923), estimates of Martian 

climatology used visual and photographic observations in order to crl- 

culate sur$ace and atmospheric temperetures, e.g., Milankovitch (1920). 

Gifford (1956) has suxmwrized radiometric measurements of Mars over 

the years in a seasonal climatology of the surface-temperature distri- 

bution. 

Ibplan, Munch and Spinrad (1964), have increased our knovledge about 

the diurnal temperature variation End composition of the Martian sur- 

face, and about the total pressure and composition of the atmosphere or' 

Mtlrs, respectively. 

the seasonai variaiions ui LLIG L w L L L Q ~ L  bAAuocL D\rc....y ==-.-=----- 

time . 

Recently measurements by Sinton and Strong (19GO), and by 

In light of these recent measurements, a study of 

~ v - -  m n - - ~ J * -  - l * - - t ~  c l n n m m  w n n m n r i a t o  a+ 

Recent research emphasis has centered around investigations o f  

the temperature structure of the Martian atmosphere, eDg., Goody (1957), 

1 



Arking (1963), Ohring (1963), and Prabhakara end Hogan (1965). 

results of these  inves t iga t ions  are based on ca l cu la t ions  using multi-  

layered model atmospheres which general ly  apply t o  the  average Martian 

l a t i t u d e  and climate. 

a de t a i l ed  v e r t i c a l  temperature s t r u c t u r e  with l a t i t u d e  and time of year 

i s  secondary t o  t h e  infer red  cl imat ic  var ia t ions .  

sophis t ica ted  mulit layered model atmosphere, t h i s  study incorporates  a 

single-layered atmosphere i n  order  to  reduce the  computing t i m e  and t o  

emphasize the  changes i n  climate. The loss in accuracy when using the  

single-layered model is  no grea te r  than the  e r r o r  introduced by t h e  

uncer ta in ty  i n  t o t a l  pressure and composition of the  & r t i a n  atmosphere. 

The 

In  a cl imatological  study, however, t he  need f o r  

Instead 05 using a 

The remaining discussion i n  t h i s  s ec t ion  of the  r epor t  descr ibes  

the  t h e o r e t i c a l  basis f o r  two model atmospheres to  be used i n  t h e  study 

of Martian climatology. 

Model," i s  used t o  compute the  temperature of t he  surface and the  mean 

temperature of t he  atmosphere under condi t ions oE r a d i a t i v e  equilibrium. 

In t h i s  model, t h e  atmosphere is  assumed s ta t ionary ;  i.e., t he re  is no 

t ranspor t  of  heat .  

Model w i l l  descr ibe the  extreme o r  upper l i m i t  02 t he  seasonal va r i a t ions  

on Mars. 

One model, termed the  "Radiative Equilibrium 

Calculations based on the Radiative Equilibrium 

The second model atmosphere, termed t h e  'Radia t ive  Model with Trans- 

p o r t  of Heat," includes the meridional t ranspor t  of hea t  i n  t h e  calcula- 

t i o n  of suri'ace and atmospheric temperatures. 

the  t ranspor t  of heat  on Mars tends t o  moderate seasonal climates.  

As is the  case on Earth, 

The 
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polar  l a t i t u d e s  w i l l  be warmer end t h e  equator ia l  l a t i t u d e s  w i l l  be cooler  

than the  c l ima t i c  temperatures described by t h e  Radiative Equilibrium 

Model. A by-product of t he  ca lcu la t ions  using t h i s  model w i l l  be the 

va r i a t ion  of t h e  meridional component of the  mean atmospheric wind with 

l a t i t u d e .  

1 .1 .2  Radiative Equilibrium Model. I n  any p lane tary  hea t  budget 

study, the  fundamental la17 02 energy conservation i s  a baodc assumption. 

This law s t a t e s  t h a t  the  sources of energy, p r i n c i p a l l y  s o l a r  o r  short- 

wave r ad ia t ion  absorbed by t h e  surface and atmosphere, me balanced by 

t h e  losses of energy, t h e  emission of r ad ia t ion  to  space. 

The r a d i a t i v e  equi l ibr ium temperatures of t h e  sur face  and atmos- 

phere depend on the  magnitude of the incoming s o l a r  energy and on the  

absorbing and emit t ing p rope r t i e s  of t he  sur face  and atmosphere. The 

in t e rp l ay  02 energy between the sun, Mars and space can be described by 

two energy balance equations,  one for t he  sur face  and the  o the r  fo r  the  

atmosphere. F i r s t ,  l e t  us examine the  important r ad ia t ion  components of 

a u n i t  atmospheric column shown i n  Figure 1 and then develop the  balance 

equations from these components. 

Of the  short-wave r ad ia t ion  incident a t  t h e  top of the  atmosphere @, 
a small  por t ion  is  absorbed by the  atmosphere 0 before reaching the  

surface.  

f a c e  @ and the  remaining energy is d i f f u s e l y  r ez l ec t ed  back to  the 

atmosphere @ and t o  space 0. 

Amajor por t ion  of the  so la r  r ad ia t ion  is  absorbed by the sur- 

In the  model, atmospheric s ca t t e r ing  

3 
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of energy is neglected and t h e  atmosphere is assumed f r e e  of clouds. 

The p lane tary  albedo of lkrs is cont ro l led  mostly by t h e  assumed su r face  

r e f l e c t i v i t y  and t o  a lesser degree by atmospheric absorption. 

I n  t u r n  t h e  sur face  emits long-wave r a d i a t i o n  @ back t o  t h e  

atmosphere @ and to space 0. 
space d i r e c t l y  @ and emits r ad ia t ion  back t o  the  surzace. 

po r t ion  of t h i s  back r a d i a t i o n  from t h e  atmosphere is  absorbed a t  t h e  

The atmosphere emits r a d i a t i o n  t o  

A major 

sur€ace  @ ; a small po r t ion  is r e f l e c t e d  beck t o  t h e  atmosphere @ 
and to  space @ 

In  t h e  Radiative Equilibrium Wdel, t h e  gains and l o s s e s  of energy 

a t  t h e  top of t h e  atmosphere, within t h e  atmosphere and a t  t h e  sur face  

must a l l  be equal; i . e . ,  t h e  ne t  r ad ia t ion  is zero. The exchange of 

sens ib l e  hea t  a t  t h e  surface-atmosphere i n t e r f a c e  is neglected i n  t h i s  

model. %e energy balance equation f o r  t h e  sur face  is 

( l - R s ) F  + e o €  C T i  = E: “To 4 , 
S a 0 

0 0 

where Rs = t h e  sur face  r e f l e c t i v i t y  t o  short-wave r a d i a t i o n  

F = t h e  inc ident  short-nave r a d i a t i o n  a t  t h e  su r face  

E - t h e  sur face  emissivity t o  long-wave r a d i a t i o n  

E = the  atmospheric emissivity t o  long-wave r a d i a t i o n  

U = Stefan-Boltzmann’s constant 

T = t h e  mean atmospheric temperature i n  K 

T = t h e  sur face  temperature i n  OK. 

0 

0 

a 

0 

a 

0 
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The gains  o f  energy t o  t h e  l e f t  of Equation (l), respec t ive ly ,  e r e  t h e  

absorbed short-wave r a d i a t i o n  and the  absorbed l o n p m v e  r a d i a t i o n  emitted 

by the  atmosphere. 

loss .  

80th terns a r e  balanced by t h e  su r face  r ad ian t  energy 

The energy balance equation for the  atmosphere 3.6 

-1.667 -1- E a  Eo u To 4 CFs - Fs (1 - Re )(1 - e 
t 0 0 

where F = t h e  in so la t ion  at the top of the  atmosphere 
t S 

T = t he  o p t i c a l  thickness of t he  atmosphere t o  short-  
wave r ad ia t ion  

-T 
e = t h e  v e r t i c a l  beam t ransmiss iv i ty  of t he  atmosphere t o  

d i r e c t  short-wave rad ia t ion  

the  t ransmiss iv i ty  oE t he  atmosphere to  d i f f u s e  short-  
s ave  radiat ion.  

e -1*66T = 

The 3rs t  term i n  brackets  to the  l e f t  of  Equation (2) is t h e  solar 

enersy absorbed by the  atmosphere, both the  d i r e c t  component and d i f -  

fu se ly  r e f l e c t e d  component from t h e  surface,  and the  second term is t he  

absorbed long-wave r a d i a t i o n  from t h e  surface.  

balanced by t h e  r ad ian t  energy loss to  the sur face  anti space, 

(1 - eo) 

wave r a d i a t i o n  t h a t  i s  r e f l e c t e d  by the  sur face  and absorbed again by 

t h e  atmosphere. 

These energy gains a r e  

Ttiz 

cor rec t ion  term accounts f o r  the  small po r t ion  of back long- 

Q 
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I n  the  model etmosphere, Idrcho2l's law i s  assumed t o  hold f o r  a 

Qiven s p e c t r a l  region; e. E., t h e  emissivity equals t h e  abso rp t iv i ty  for 

longwave r ad ia t ion .  

%ere a r e  two energy balnnce equations, (1) and (2), with two 

dependent va r i ab le s ,  Ta and T ; there lore ,  a so lu t ion  f o r  t he  equilibrium 

sur face  and atmospheric temperatures is  possible.  

algebra, t h e  so lu t ion  f o r  t h e  surface temperature i s  

0 

Mter an exercise i n  

+ E [F - Fs (1 - Rs )(1 - e * St 0 0 

U To = { €0 

and t h e  so lu t ion  f o r  t h e  atmospheric temperature i s  

a E (2 - c! 

The all- important energy source on which t h e  study of t h e o r e t i c a l  

climatology rests is t h e  amount of so l a r  r a d i a t i o n  received by t h e  planet.  

This can be computed with the  a id  02 an assumed s o l a r  constant and a 

knowledge o? astronomical geometry. 

su r f ace  a t  t h e  top 0: t h e  atmosphere i s  

The d a i l y  energy inc ident  on a u n i t  

S[(sin 8 sin 6) B + cos 8 cos 6 s i n  13.1 
2 F =  

St n d  

7 



where cos B = - t an  t an  €5 

e = t he  l a t i t u d e  of t h e  u n i t  a r ea  

€5 = t he  s o l a r  dec l ina t ion  

B = t he  hour angle between sunr i se  and noon o r  noon and 
sunset 

S = t h e  s o l a r  constant f o r  t h e  Earth 

d = t he  d i s t ance  of Mars from the  sun i n  astronomical 
un i t s .  

A second component of s o l a r  r ad ia t ion  t h a t  is important i n  t h i s  study 

i s  t h e  i n s o l a t i o n  e t  t h e  surface,  Fs 

ponent is  not poss ib le  as i n  the  caae of Equation (5) above s ince  the  

absorption of s o l a r  rnd ia t ion  by the atmosphere a t  each sun angle must 

be summed over a l l  angles during the daylight hours. The equation fo r  

t h e  in so la t ion  inc ident  on a u n i t  surface area over an increment t i m e  

An a n a l y t i c  so lu t ion  of t h i s  c o w  
0 

span, d t ,  i s  

where @ = t h e  sun's zen i th  angle 

m = t h e  o p t i c a l  a i r  mass. 

Equation (6) i s  assumed t o  hold for a11 vavelengths 0: s o l a r  r a d i a t i o n  

although, s t r i c t l y  speaking, i t  applies only t o  monochromatic rad ie t ion .  

As F r i t z  (1951) p o i n t s  ou t ,  t he  use of Beer's 

a given s p e c t r a l  region w i l l  lead to p r a c t i c a l  r e s u l t s .  

g r a t i o n  of Equation (6) gives t h e  so l a r  i n s o l a t i o n  a t  the  sur face  t o  a 

reasonable degree of accuracy. 

law i n  Equation (6) fo r  

Ilumerical in te -  

8 



Summarizing t h e  Padiative Equilibrium Nodel, t h e  atmosphere of  Mars 

is  depicted a s  a s i n g l e  isothermal layer with gray s p e c t r a l  p rope r t i e s  

i n  t h e  long-wave and short-vave regions of t h e  spectrum. 

s c a t t e r i n g  i s  neglected; however, i t  i s  i n t r i n s i c a l l y  implied i n  t h e  sur- 

face  albedo term. Also t h e  sur face  albedo determines t o  a g r e a t  ex ten t  

t he  p lane tary  albedo. 

f ace  and mtmosphere a r e  based on the incoming s o l a r  r a d i a t i o n  and on 

t h e  absorbing and emi t t i n s  proper t ies  of t h e  su r face  and atmosphere. 

Atmospheric 

The computed equilibrium temperatures of t h e  sur- 

A more soph i s t i ca t ed  depiction of the  atmosphere could be derived 

I-Iowever, it using a multi layered model and the method ou t l ined  above. 

i s  f e l t  t h a t  t h e  unce r t a in t i e s  i n  t h e  input parameters t o  t h e  model out- 

weigh t h e  b i a s  introduced by the  single-layer model. 

Since the  atmosphere i s  assumed s t a t iona ry ,  t h e  computed mean d a i l y  

temperatures vi11 represent  t h e  extreme c l ima t i c  conditions on Mars. 

Atmospheric c i r c u l a t i o n s  t ranspor t  heat from ~7em l a t i t u d e s  t o  cold l a t i -  

tudes, thus moderating t h e  climate. k model atmosphere which includes 

t h i s  atmospheric t r anspor t  02 heat  is  discussed i n  t h e  next sec t ion .  

1.1.3 Radiative Model with Transport of Heat. In  the  d iscuss ion  

02 atmospheric hea t  t ranspor t  on Mars, l e t  us p i c t u r e  t h e  atmosphere as 

being divided i n t o  10 l a t i t u d e  zones a s  shovm i n  Figure 2, end t h a t  t h e  

r a d i a t i o n  Sudget a t  the  midpoint of each zone app l i e s  t o  t h e  V7hOle zone. 

0 

As mentioned i n  t h e  previous sec t ion ,  t h e  equillbrium temperatures 

02 t h e  atmosphere depend primarily on t h e  amount 02 incoming s o l a r  
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rad ia t ion ,  Take, f o r  example# t h e  Martian vernal equinox where t h e  sun 

i s  posit ioned over t h e  equator. Under these  conditions t h e  equator re- 

ce ives  the  maximum amount of s o l a r  r ad ia t ion  with a steady decrease of 

input  toward both po la r  l a t i t udes .  

(4) 

Consequently, a north-south temperature grad ien t  i s  es tab l i shed ,  and an  

atmospheric t r anspor t  of hea t  would commence from equator t o  poles, sus- 

tained by t h e  d i f f e r e n t i a l  s o l a r  heating. 

Based on ca l cu la t ions  using Equation 

t h e  atmospheric temperatures decrease s t e a d i l y  poleward of t h e  equator. 

Our ob jec t ive  i n  t h i s  model atmosphere is  to determine the  equilib- 

rium temperatures of t he  sur face  and atmosphere with t h e  t r anspor t  of hea t  

included i n  the  ca lcu la t ions ,  

of energy conservation i s  assumed, and t h a t  t h e  t o t a l  ga in  of energy by 

a l l  t h e  atmosphere on Mars i s  t h e  same, with o r  without hea t  transport .  

Likewise, t h e  t o t a l  l o s s  of energy by the  atmosphere is t h e  same, even 

though co lder  l a t i t u d e s  w i l l  be warmed by hea t  transport .  

serves as a boundary condition t o  the  problem. 

It should be emphasized again t h a t  t h e  law 

This fact 

Haurwitz (1961) has s tud ied  s imple models of atum pher ic  c i r c u l a t i o n  

t h a t  can be adapted t o  t h i s  problem. 

temperature d i f f e rence  i n  t h e  hor izonta l  between two pressure  sur faces  

i s  es tab l i shed  and miiiii~afzed bj $erne eut_afde agency, such as differen- 

t i a l  s o l a r  heating. 

is es tab l i shed  and maintained by d i f f e r e n t i a l  hea t ing  approaches d e f i n i t e  

values of ve loc i ty  and corresponding temperature d i f fe rence ,  

tudes of v e l o c i t y  and temperature d i f fe rence  depend on t h e  Cor io l i s  

In h i s  model he assumes t h a t  t h e  

H e  shows t h a t  t h e  r e s u l t i n g  atmospheric motion t h a t  

The magni- 
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parzmeter due to t h e  p l ane t ' s  ro ta t ion ,  on t h e  assumed coe2f ic ien t  of 

f r i c t i o n ,  on the  r a t e  of heating, on the  dimensions 02 t h e  model and not 

-- on t h e  i n i t i a l  conditions.  

Rather than wr i t i ng  EInunvitz's equations i n  term6 of hea t ing  rates 

(degreedun i t  of t i m e ) ,  i t  is  more convenient t o  m i t e  t h e  d i f f e r e n t i a l  

hea t ing  term i n  u n i t s  of a r ad ian t  Clux density.  

h i s  equation fo r  t h e  equilibrium v i n d  ve loc i ty  i s  

'IAe modified form of 

V n ;[ D f 112 

I * A  0 an g R i n  - 
p, 

and f o r  t h e  equilibrium temperature d iz ference  is  

c .-, 1 /2 

vhere  n = t h e  boundary between the  n and n4-1 zones of Figure 2. 
The zones a r e  numbered consecutively s t a r t i n g  a t  85'N i n  
increments of loo l a t i t u d e  (1C zones i n  a l l )  

V = t h e  wind ve loc i ty  between adjacent zones i n  Figure 2 
(I? *:e',~ci+ies i n  a l l )  

-2 -1 

n 

= t h e  d i f f e r e n t i a l  heating i n  u n i t s  of c a l  cm min 
between t h e  n and n t1  zones an 

g = t h e  z r a v i t y  on k r s  

R = t h e  specii ' ic gas constant for t h e  Martian atmosphere 
;k 
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a 

p1 

c =  
P 

I< = 

f =  

L =  
n 

the  pressure  e t  t he  surface of Mzrs 

the  bounding pressure sur face  e t  t h e  "top of t h e  
atmosphere" i n  Figure 2 

t he  speciEic hea t  capacity of t he  atmosphere a t  
constant pressure  

the  coe f f i c i en t  o? Eriction 

t h e  Cor io l i s  parameter between t h e  n and n+l zones 

the  ho r i zon ta l  dimension of t h e  model p k e n  t o  be the  
d i s t cnce  between zones i n  Figure 2, 10 of l a t i t u d e  

The d i z f e r e n t i a l  hea t ing  between zones, a, is  the  s u s t d n i n g  source of 

energy t h a t  d r ives  the  c i r c u l a t i o n .  

trcnsported across the  imczinary well  between zones t h a t  must be d i s s i -  

pated i n  the  cooler  zone o r  transported t o  the next co lder  zone. 

In  o t h e r  words, i t  i s  the  heat f l u x  

Since t h e  goals of t h e  ca l cu la t ions  a r e  the  equilibrium temperatures 

02 t h e  atmosphere and sur face ,  it is more convenient t o  use Equation (8) 

which r e l a t e s  temperature di2lerences t o  d i f z e r e n t i a l  hea t  f luxes  between 

zones r a t h e r  than t h e  wind ve loc i ty  i n  Equation (7). 

zonal a reas  is a l s o  necessary i n  Equation (8) fo r  t h e  i'ollowing reason: 

Take, f o r  example, t h e  wind ve loc i ty  V1 i n  Figure 2, which ind ica t e s  t h a t  

hea t  i s  transported from zone 2 t o  zone 1. 

than zone 1; therefore ,  t h e  red ian t  f l u x  dens i ty  of hea t  transported t o  

zone 1, Q 

t h e  a rea  o? zone 2 divided by t h e  area of zone 1. 

were a south wind, a! t70uld be reduced by the  r a t i o  of a reas ,  t he  area 

of zone 1 divided by the  area of zone 2. 

A co r rec t ion  fo r  

The area of zone 2 is l a rge r  

must be increased by t h e  r a t i o  OE areas  of t h e  zone, i .e.,  1' 
Conversely, i f  V1 

1 
The d i r e c t i o n  of wind, s ign  

13 



of a 

magnitudes of s o l a r  hea t ing  eince heat flows from t h e  zone of g rea t e r  

hea t ing  t o  t h e  zone 02 lesser heating. 

and sense of t h e  area r a t i o  cor rec t ion  i s  determined by t h e  r e l a t i v e  n 

To simplify t h e  algebra i n  t h i s  development, let  us write Equation (8) 

a s  

- TP )* = C% 
11 n-t-1 n Cn(Ta 

where Cn is a lumped term of 1cnot.m velues including t h e  cor rec t ion  f o r  

zonal a r eas  An, 

0 
P * 

A C P o R  a n -  
- n P  p1 

'n 

Again the  equilibrium temperature achieved by a zone is ca lcu la ted  

from t h e  energy ga ins  and losses. The ne t  r e d i a t i o n  of a zone equals 

t h e  export of hea t  ou t  of o zone. The d i f f e rence  between t h e  absorbed 

s o l a r  r a d i a t i o n  for a zone, c a l l  i t  Sn equal to c a ( l  - Rs ) Fs 4- Fs 
- 

0 0 t 
) from Equation (4 )  and t h e  emitted long-wave -1.661. F (1 - Xs )(1 - e 

' -----A --.--1 + A n  n o t  eFn+f-  r - -  - 
0 I r  

r ad ia t ion ,  e Ti , where e = e B ( Z  -. E 1 ;  UUUL G~~~~ -..-. .--- a n 
h e s t  ou t  of t h e  zone 

can  be w r i t t e n  for t h e  energy bclance of each zone. 

- an). ?&us, a set of eighteen equations 

14 



= -a1 4 
s1 - e Tal 

. 

3ased on the sign convention, a positive value of oln represents a north 

wind in Equation (7); a negative value of an represents a south vind. 

Aster substitution of Equation (9) in Equation set (lo), the energy 

balance of each zone is expressed only in terms of atmospheric 

t emper 8 t ur e8 . 
= -C (T - T )* 4 

s1 - e TB1 l “2 a1 

‘2 al a3 a2 
4 - T  ) ’ - C ( T  - T  )2 e 

b 

S17 - e T = .(T - T - C , , ( T -  - T )* 
a 1s kt “12 “17 16’ a17 ‘17 

4 = C (T - T  I2 
s18 - a18 a17 

1s 
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Equation set (11) p r e s c r i t e s  t he  equilibrium temperatures of t h e  

atmosphere f o r  each zone. Given a value fo r  t h e  f i r s t  temperature, T , 
t h e  value 05 T is computed using the f i r s t  equation. Using t h e  value 

a2 
02 T i n  t he  second equation, T i s  computed using t h e  second equation, 

a, a ,  
L 3 

etc. 

eenth equation is encountered. 

This cascade 02 temperature ca lcu la t ions  continues u n t i l  t h e  eight- 

The l a s t  equation is  used a s  a test t o  

determine tihe t h e r  t h e  proper i n i t i a l  temperature was c o r r e c t l y  chosen. 

The above ca l cu la t ion  procedure is i t e r a t e d  on a computer, using 

d i f f e r e n t  values of T , u n t i l  t h e  so lu t ion  of atmospheric temperatures 

f o r  Equation (11) is determined. 
al 

Summarizing t h e  Radiative Ibde l  with Transport 02 Heat, t h e  Radia- 

t ive Equtlibrium Model of t he  l a s t  sec t ion  i s  expanded t o  inc lude  t h e  

meridional t r anspor t  of heat. 'he t ranspor t  ca l cu la t ion  is based on t h e  

simple c i r c u l a t i o n  model developed by IIaurwitz and adapted t o  t h e  

s p e c i f i c  problem i n  t h i s  model atmosphere. Once t h e  temperatures a r e  

known f o r  each zone, t he  computed values of an i n  Equation (9) can be 

s u b s t i t u t e d  i n t o  Equation (7) t o  determine t h e  mean meridional wind 

component f o r  every 10 0 02 l a t i t u d e .  Also t h e  equiliSrium sur face  tem-  

pe ra tu re  can be computed once t h e  atmospheric temperatures a r e  known 

using Equacion (3;. The eritize zzlculeticn winds and temperatures 

?or all l e t i t u d e s  can be c a r r i e d  out f o r  any time of t h e  Martian year. 

1.1.4 Sta tus  of Work and Future Plans. The s t a tus  of work on the  

s tudy  ol" t h e  seasonal climatolozy 02 I b r s  is a s  follows: 

16 
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I .  c 

(1) A computer program to  ca l cu la t e  t h e  i n s o l a t i o n  a t  t h e  top of 

t h e  atmosphere using Equation ( 5 )  2or any l a t i t u d e  and time of year i s  

written and checked out. 

(2) A computer program t o  ca l cu la t e  t h e  i n s o l a t i o n  a t  t he  sur face  

by numerical i n t e g r a t i o n  02 Equation (6) f o r  any l a t i t u d e  and t i m e  oE 

year is w r i t t e n  and checked out. 

(3) C, computer program t o  ca l cu la t e  t h e  r a d i a t i v e  equilibrium 

temperatures or‘ t h e  sur5ace and atmosphere, using Equations (3) and (41, 

is w r i t t e n  and checked out.  

Future p l ans  during the  next three-month period include: 

(1) The modification of t h e  program i n  paragraph (3) above t o  include 

hea t  t r anspor t  as discussed i n  the  previous sec t ion  and spec i f ied  by 

Equation set (11). 

(2) A search 02 t h e  l i t e r a t u r e  f o r  t h e  l a t e s t  inEormation about 

measured parameters on Mars f o r  input i n t o  t h e  model atmosphere. 

(3) The c a l c u l a t i o n  02 t he  seasonal climatology of Mars based on 

both models and evaluation of t h e  r e su l t s .  

(4) The explora t ion  OP poss ib le  improvements i n  t h e  model atmos- 

pheres. 

t h e  po la r  ice cap, including the  sens ib le  hea t  t r ansze r  a t  t h e  surfnce- 

atmosphere i n t e r f a c e ,  and including hea t  conduction i n t o  t h e  sur face  

l a y e r s  and hea t  s to rage  i n  t h e  sur face  and atmosphere. 

Tor example, changing t h e  surface albedo a f t e r  formation of 
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1.2 DIURNAL VARIATION OF 1 . E  SURFACE TEMPERATURE OF IARS 

1.2.1 Introduction. For the  design of s p a c e c r a 3  t o  land on the  

p lane t  Hare, knowledge of m e t e o r o l o ~ i c e l  parameters i n  t h e  I h r t i a n  

p lane tary  boundary l aye r  is  required. 

a r e  of prime i n t e r e s t .  

sur face  temperature of Mars i s  considered. 

Pressure, wind, and temperature 

I n  t h i s  section, t h e  d iu rna l  v a r i a t i o n  of t h e  

Sinton and Strong (1960) obteined observational i nd ica t ions  of the  

d iu rna l  v a r i a t i o n  03 Martian su r face  temperature. 

model, they attempted t o  reproduce the  observed d iu rna l  va r i a t ion .  They 

considered t h e  p lane tary  sur face  t o  be heated by s o l a r  r ed ia t ion ,  and 

cooled by emission of lon~-wave r ad ia t ion  and conduction i n t o  the  s o i l .  

The t h e o r e t i c a l  resul ts  vere somewhat d i f f e r e n t  from t h e  observational 

r e s u l t s .  

t h e  e f f e c t  of t he  Martian atmosphere on the  sur face  temperature. This 

e f f e c t  i s  twofold - a hea t ing  of t h e  su r face  due t o  do~amward long-wave 

r a d i a t i o n  by the  atmosphere and an exchange of hea t  between sur face  and 

atmosphere by eddy conduction. The purpose of t h i s  study i s  to  develop 

and u t i l i z e  an improved t h e o r e t i c a l  model - one t h a t  includes t h e  e f f e c t  

of t h e  ntmosphere - f o r  determining t h e  d iurna l  v a r i a t i o n  of Martian sur- 

f ace  temper a t u r  e. 

In  a t h e o r e t i c a l  

The major reason for t h e  discrepancy may be  t h e  neglect of 

1.2*2 D i f f e r e n t i a l  Eauation. Our model c o n s i s t s  or' EWO semi- 

i n f i n i t e  l aye r s  - the  atmospheric layer and the  s o i l  l aye r  - o n  e i t h e r  

s i d e  of t h e  p lane tary  surface. 

t h e r e  is no mean motion and t h a t ,  Secause of t h e  small amount 01 water 

vapor and carbon dioxide, r ad ia t iona l  hea t  exchange i s  neg l ig ib l e  com- 

I n  the atmospheric l aye r  ~7e assume t h a t  

pared to eddy conduction of heat.  Thus t h e  fundamental equation f o r  t h e  
18 



atmospheric temperature i s  the  equation of eddy conduction of hea t ,  

I 

where 8 = p o t e n t i a l  temperature 

K E -  = exchange coezf ic ien t  of hea t  
PC 

1: = c o e f f i c i e n t  02 d i f z u s i v i t y  

p = atmospheric dens i ty  

c = spec iz i c  hea t  at  constant pressure  

z = v e r t i c a l  coordinates with o r i g i n  a t  s o l i d  sur face  and 
p o s i t i v e  i n  t h e  upward d i r e c t i o n  

t = t i m e  

There have been many expressions f o r  k by var ious  workers. I n  

general ,  it i s  a function 02 height ,  wind shear and thermal s t a b i l i t y  

(Lettau, 1951; Estoque, 1962; and Vu, 1965). 

i n t e r e s t e d  i n  t h e  sur face  temperature, t h e  form of t h e  exchange coe f f i -  

c i e n t  02 d i f h s i v i t y ,  k, can be chosen a s  

Slnce we a r e  pr imar i ly  

- 
!c = - K ( z  + zo)  (13) 

where i s  a constant (Lettou, 1951). This expression has  a l s o  been 

used by iiaurwite (',?36) I:: the st'-?d>7 ~f the  d a i l y  temperature period i n  

t h e  lover layer  of t h e  Ecrth's atmosphere. 

we11 with t h e  observed data. 

Equation (12), we ob ta in  

Their r e s u l t s  agree reasonably 

Now a f t e r  s u b s t i t u t i n g  Equation (13) i n t o  

19 
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1 - 
there lcr = go, and 01 = - . 

=0 

For the  s o i l  l ayer ,  t h e  di"erentia1 equation 02 heat  conduction 

is s imi la r  t o  Equation (12) except that  t he  d i f f u s i v i t y  of t he  s o i l ,  Ks, 

is d i f f e r e n t  from t h a t  02 the  atmosphere. 

t he  conduction 02 heat  i n  the  s o i l  can be w r i t t e n  as 

The d i f f e r e n t i a l  equation of 

where T =I 
8 

temperature of the soil 

'_ILi_ = d i f f u s i v i t y  of t he  soil 

- 
K 

p8cS 

thermal conductivity of t he  80il 

dens i ty  of t he  s o i l  

s p e c i f i c  heat  of the  ao i l  

If t h e  so lu t ions  f o r  Equations (14) and (15) can be solved for  

s u i t a b l e  boundary conditiona, then the sur face  temperature can be ob- 

tained. Zhe boundary condi t ion w i l l  be discussed i n  the  next section. 

1.2.3 Boundary Conditions. The magnitude of t he  temperature must 

be f i n i t e  both i n  the  s o i l  and t h e  atmosphere a t  a l a r g e  d is tance  from 

the  surface.  

atmosphere and the  s o i l  and increases with height.  

The quant i ty ,  z ,  is taken as zero a t  the  i n t e r f a c e  of t he  

It is assumed t h a t  

T ~ ,  e e 03 a t  z = & m  (16) 

20 



I .  . 
1 
1 The remaining two boundary conditions w i l l  be deduced a t  t h e  in t e r f ace ,  

24. 

i n t e r f ace ,  Le., 

It is na tu ra l  t o  a~sume t h a t  the temperatures a r e  continuous a t  t h i s  

T = e  a t z = 0  . (17) 
6 

Since we want t o  study the  diurnal  march of the  sur face  temperature, 

t he  source of t he  energy input is  the d i r e c t  i n so la t ion  from the  sun. 

Because of conservation of energy, there must be an energy balance at  an 

i n f i n i t e s * m l l y  t h i n  layer  a t  the  surface z = 0. 

sum of t he  energy f lux  must be zero. 

Thus, t he  a lgebra ic  

Then, 

R 4 - E  + F a + F s + S  
a 

t 0 

where R = long-wave r ad ia t ion  from the  sur face  

Ra = back long-tave r ad ia t ion  from the  atmosphere t o  surface 

Fa the  f l u x  of energy at t h e  sur face  due t o  eddy hea t  con- 
duction between surface and atmosphere 

Fs - t he  f lux  of energy a t  t he  sur face  due t o  molecular heat  

S = i n so la t ion  a t  the  surface 

conduction between surface and soil 

If we assume t h a t  the  conductive f lux i s  i n  the  d i r e c t i o n  of +z, then the  

upward S l u x  can be wr f t t en  86 

and t h e  domward heat f lux,  i n  t h e  negative d i r e c t i o n  of z ,  i8 

2 1  
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If, i n  Equation (18) a dotmmrd flow of energy a t  t h e  surzace i s  considered 

negative and upward flow a t  t h e  surface pos i t i ve ,  t h e  d i f f e r e n t  terms i n  

t h e  equation of energy a t  t he  in t e r f ace  can be w r i t t e n  as 

4 R = Q T s  4 Ra = G W T S  

S = -pI,(sin Q s i n  6 -i- cos 0 cos 8 cos JI 

where cr = Stefan-Boltzmann constant 

Q! = f r a c t i o n  

p = one minus the  planetary albedo 

I, = t h e  s o l a r  constant 

4 = l a t i t u d e  

6 = s o l a r  dec l ina t ion  

\k = s o l a r  hour angle 

I n  t h e  expression f o r  t h e  back r a d i a t i o n  from t h e  atmosphere, Ra’ 

it  has been assumed t h a t  t h i s  quant i ty  is some f rac t ion ,  (u, of t h e  long- 

wave r a d i a t i o n  Erom t h e  surface. 

1965) suggest t h a t  (]I is  about 0.15. 

Recent computations (Ohring and Mariano, 

F ina l ly ,  t h e  energy equation cair be i ~ r i t t c ~  zs 

22 



i n  which the  upper p a r t  of t he  last term is f o r  t h e  daytime and the  lower 

p a r t ,  for theni$-:zime. It i s  possible  t o  express t h e  second and t h i r d  

terms of Equation (19) as Eunctions of sur face  temperature. Procedures 

f o r  accomplishing t h i s  a r e  discussed i n  the  next sect ion.  Once t h i s  is  

done, the  only unknown i n  Equation (19) w i l l  be sur face  temperature. 

Then, Equation (19) can be solved for sur face  temperature. 

1.2.4 Solut ion of Conductive Heat Flux due t o  Atmosphere and Soi l .  

Since the purpose of t h i s  paper is t o  study t h e  d iu rna l  v a r i a t i o n  of t h e  

sur face  temperature of Mars, we a r e  only in t e re s t ed  i n  t h e  per iodic  p a r t ,  

not t h e  t r a n s i e n t  pa r t .  

t i o n  i s  Fourier series. 

For t h e  per iodic  so lu t ion ,  a common form of solu- 

However, since Equation (19) ,  a nonlinear  

equation, i s  the  f i n a l  equation f o r  the temperature so lu t ion ,  Fourier 

series is not  adequate. 

Jaeger (1953). 

The method used here  i s  b a s i c a l l y  due to 

If t he  sur face  temperature has  period T, s t a r t i n g  from any a r b i t r a r y  

po in t ,  we then d iv ide  t h e  period T in to  N equal i n t e rva l s .  

sume a s t e p  funct ion a t  t h e  sur face  with u n i t  temperature a t  t he  f i r s t  

i n t e r v a l  and the  rest of the i n t e r v a l s  remain a t  zero. 

Then we as- 

The per iodic  

p a r t  of t h e  so lu t ion  f o r  a u n i t  amplftude can be expressed as follows: 

@(t) = 0 

cp(t) = 1 

@(t) = 0 

t < O  

mT < t < mT 4- T1 

1 mT -+ T1 < t < (rn+l)T 

T where T is an i n t e g r a l  mul t ip le  of 3 and m is an integer .  1 
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BY Laplace transformation, we have 

m 4  0 

Since co 

1 
1 - e  -PT 

m=O 

i t  follows 

Now t h e  s o l u t i o n  of s p a t i a l  p a r t  of the  Laplace transformation of Equa- 

t i o n  (14) with an assumed i n i t i a l  condition 8 = 0 

temperature is 

and u n i t  sur face  

- 
8 = AK 0 [2q(l  + a ~ ) ~ / ~ / a ]  + BIo[2q(1 i- az)1’2/a1 

where Io, KO equals t h e  modi2ied Cessel func t ion  of t h e  f i r s t  and second 
kind of order zero, r e spec t ive ly  

A,B equal functions of time. 
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Since 8 is finite at large distances, B must be zero. 

ary condition at z=O, one obtains 

Applying the bound- 

and 

(If 8 is the amplitude at the surface, the total transformed temperature 
S 

The flux due t o  a unit temperature is 

where 

By the inversion theorem, f a  can be written as 

5 is the modified Bessel function of the second kind of order one. 
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C-t t he  sur ioce  z = 0, 2 i o r  a l l  time t is s inp ly  
a 

kr whcre K = - . 
Po 

Yhe integrand has  a branch point  a t  p=O and simple poles  a t  p = k 2nKi/T 

with n = 1,2, ... n. The cont r ibu t ion  t o  Equation (25) Zrom the branch 

poin t  p 4  is 

where Jn, 'I 

respec t ive ly ,  and X, = -k )- 

t r a n s i e n t  p o r t  of t he  so lu t ion  of Equation (26). 

Equation (26) from t h e  res idues  a t  t he  poles  p = I 

series of terms with per iod T. 

= Bessel funct ions 02 the  i'irst and second kind of order  n n 
1'2 . It is seen t h a t  t h i s  quan t i ty  i s  the  2 

a 0  
The cont r ibu t ion  t o  

170Uld y i e ld  a 2nfii 

The steady per iodic  so lu t ion  V70Uld then 

be  t h e  sum of t h i s  series. Hoirever, ins tead  of evalua t ing  the  res idues  

now, l e t  us represent  t h i s  per iodic  so lu t ion  by E . Then the  complete 

s o l u t i o n  Jquarion  LO^ for a l l  t h e  t, zocCcir\.ing hc th  t h o  per iodic  and 
aP 

a n .  \ 

t r a n s i e n t  p a r t s ,  can be w r i t t e n  as 
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t 

The quan t i ty  f 

in. 

t 3 0 0 .  

per iodic  so lu t ion  by summing t h e  s e r i e s  is  t h a t  t he  so lu t ion  may converge 

r a t h e r  slowly and clumsily. We want t o  write the  so lu t ion  i n  an i n t e g r a l  

form by comparing t h i s  r e s u l t  with another so lu t ion  for  t h e  first period. 

i s  the  per iodic  so lu t ion  whic,. we a r e  actue l y  i n t e re s t ed  

"be second term i s  the  t r ans i en t  p a r t  t h a t  ail1 tend t o  be zero a t  
aP 

The reason we  do not want t o  evaluate  t h e  r e s idue  t o  determine the  

- 
For t h i s  f i r s t  period, +(t) becomes 

= I '  emPt 1 d t  
J 
0 

= l / p  

and 

m 

J 
0 

J 
0 

O < t < T l  
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It f0110m then t h a t  t h e  corresponding f l u x  is 

-xt  
e (JoJ1 + YoY1) 

dx, 0 < t < T1 , (31) 
2n f Jx (J2 + y2) 

- (krpce 
‘a1 - 

0 0 0 

xT 
e-xt(l - e -I- y0y1> 

dx, TI < t (32) 2 2  -n”’2 Jx (Jo + Yo> 
&?we 

an 2n 
f = : -  

0 

- J (XX1I2), Y (Ax ‘I2), respect ively.  where Jns Yn - Subs t i t u t ing  Equa- n n 

t i o n s  (31) and (32) i n t o  Zquation (28) y ie lds  

-xt 

- e  
lcr Dce 

2x 
( :. f = 

aP1 0 0 

mT < t < mT + T1 (33) 

and 

SxT1 
- 3 ~ 2  j eoxt(J J xT 

krpce p; e xi (1- e )] dx, (34) 
- e  

2 2  Sx (Jo + Yo) f = (  2n 
0 

‘*n 

mT 

Now taking the  average of Equation (33) i n  the  f i r s t  i n t e r v a l  0 < t < TI = 

T/Ns and l e t t i n g  xT = j 

temperature a t  t h e  sur face  fo r  the indicated i n t e r v a l  w i l l  be 

2 rhe average itta t5e  s i r  4t.e tc? 8 t u n i t  
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. 

i n  which the  argument of Jn and Yn i s  l o (T)  -'I2 where ( )1 - the  average 

f l u x  05 per iodic  so lu t ion  a t  t h e  f i r s t  t i m e  in te rva l .  And s imi l a r ly ,  f o r  

the  n-th i n t e r v a l ,  i t  is  

mTH1 < t < (m+l)T (36 1 
-1/2 The argument of Jn o r  Yn is again Xo(T) 

If t he  average amplitude of the  sur face  temperature i n  the  successive 

2-th i n t e r v a l  is G j ( i ?  = 1,2, ... nj then the average 5T-s izte the e i r  in 

the  n-th i n t e r v a l  is 

I? 

f an C 0.t +(fa)n-j+l 
a =l 

(37) 
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Similar ly ,  the  so lu t ion  of the  werage f lux  i n t o  the  s o i l  due t o  t he  

u n i t  sur face  temperature based on the d i f f e r e n t i a l  Equation (15) for the  

f i r s t  and n-th i n t e r v a l s  are 

J 
0 

for mT < t < mWT1 

and 

If  the average amplitude of the  surface temperature i n  the  successive 1-th 

J 

i n t e r v a l  is Tot (a = 1,2, ... n), then the  average f lux  i n t o  the  s o i l  is 
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.. 
' 1  

e -1 

Then substituting Equations (37) and ( 4 0 )  into Equation (19) and using 

Equation (17), one obtains 

+cos 0 cos 6 cos J r )  = 0, a 

L? = 1, ... n (41) 
I 

The last term can be computed f o r  dii'ferent latitudes, solar declina- 

tions and hour angles. For 

special c a ~ e s ,  at the equator (@ = 0), for a given date, the last term 

o f  Equation (41) may be written as 

During the night this term should vanish, 

t T 3 
N '  - A s C 0 8  2fi - i ; < t < i ; T ,  

s cos 27t - = (42) - 
T 

, otherwise, 

1 - A  
2 

0 r 

vher e A = planetary albedo 

S = solar constant at Earth's distance Zrom sun, 

r = distance to the sun in astronomical units. 

Equation (41) is actually a set  02 M quadratic algebraic equations, which 

can be solved numerically by banJ computations or electronic computer. 

Such computations are planned for  the next quarter. 
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1.3 IMTERHEl4ISPHERIC TPNJSPOET OF WATER VAPOP, AM) THE MARTIAN ICE CAPS 

1.3.1 Introduction. One of the  fundamental problems of the  meteor- 

ology of Mars concerns i t s  ice caps. 

Nart ian atmosphere is  about 10 g cm . The thiclcness of the  ice caps 

is of the  order  of 1 cm. During t h e  course of t he  Martian year, as one 

polar  ice cap forms, t he  o ther  sublimates and completely disappears.  The 

amount of water vapor i n  the  atmosphere, even i f  i t  were a l l  t o  condense, 

could not account f o r  t h e  formation o f  t he  ice caps. Thus, it  has been 

suggested t h a t ,  as one ice cap melts, t h e  water vapor re leased  i n t o  the  

atmosphere is t ransported to t he  opposite pole, where it condenses. A t  

any one time, then, most of t h e  Martian water vapor i s  loca ted  i n  the  

polar  caps. 

of water vapor from one pole  t o  t h e  other.  

The amount of water vapor i n  the  
-3 -2 

During each Nart ian year, t he re  is  an atmospheric shu t t l i ng  

There a r e  two poss ib le  atmospheric mechanisms t h a t  might accomplish 

the  required t ransport :  

atmospheric diffusion.  

is probably g r e a t e s t  during the  equinoct ia l  seasonsr when one cap is m e l t -  

ing  and the  o ther  is forming. 

t u r e s  are probably highest  a t  the  equator and lowest a t  the  poles. 

such a temperature d i s t r i b u t i o n ,  a meridional c i r c u l a t i o n  system would 

be charac te r ized  by equatorward motion a t  t h e  sur face  and poleward motion 

a1ol”t. 

cap iormation i s  charac te r ized  by a sur face  flow from the  melting polar  

cap t o  the  forming polar  cap. Obviously, the  required flow is not 

a mean meridional ve loc i ty  and large-scale  

The r a t e  of t ranspor t  from one pole  t o  t he  o ther  

During these seasons, the Martian tempera- 

With 

The mean meridional veloci ty  p a t t e r n  required t o  explain the  ice 
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compatible with the  probable 2 1 0 ~  pa t t e rn  during t h e  equinoct ia l  tieat1088. 

As t he  s o l s t i c e  approaches, t he  summer pole  hea t s  up and may become the  

h o t t e s t  po in t  on t h e  planet .  A meridional c i r c u l a t i o n  system a t  t h i s  

time would be charac te r ized  by flow from the  summer pole  t o  the  winter  

po le  a t  upper l e v e l s  and the  reverse near t he  surface.  Again, t he  re- 

quired flow - from summer t o  winter pole near t h e  sur face  - i s  not 

compatible with t h e  probable Martian flow pa t te rn .  

i o n a l  ve loc i ty  does not appear t o  be a s a t i s f a c t o r y  explanat ion of the  

interhemispheric t ranspor t  of water vapor. We have begun t o  inves t i -  

ga t e  whether t h e  o ther  poss ib le  explanation - large-scale  atmospheric 

d i f f u s i o n  - i s  reasonable, and t o  determine the  values of the  large- 

scale d i f fus ion  c o e f f i c i e n t s  required t o  accomplish t h e  required t rans-  

p o r t s  of water vapor. 

Thus, a mean merid- 

I n  t h e  Earth 's  atmosphere, large-scale  l a t i t u d i n a l  t r anspor t s  of 

hea t ,  momentum, and t r a c e  substances, such a s  water vapor, are accom- 

p l i shed  by large-scale  eddy d i f fus ion  processes. 

t h a t  w i th in  an ind iv idua l  hemisphere thorough mixing of a t r a c e  cons t i t -  

uent can occur over t i m e  per iods of t h e  order  of months (Junge, 1962). 

Interhemispheric mixing times, on t h e  o the r  hand, have var ious ly  been 

est imated t o  be from 0.9 years to 4 years  (Junge, 1963). 

There a r e  ind ica t ions  

For t h e  

Martian ice cap cycle, i - i~  *-&--I.-- rrlLslLIS.LUfwr..---- - - h t w 4 e  miuing _______ time of t he  order  of 

one Earth year i s  required,  s ince  a complete ice cap cyc le  is completed 

i n  about two Earth years. 

when compared with the  above values for Earth.  

Such a mixing time does not seem improbable 
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I n  t h e  Zollowing discussion, we descr ibe  a simple global d i f fus ion  

model, i n  which water vapor is released i n t o  t h e  atmosphere by t he  

melting of a north polar  ice cap on Mars. 

large-scale  d i f fus ion  coe f f i c i en t ,  we c a l c u l a t e  t h e  l a t i t u d i n a l  v a r i a t i o n  

of water vapor a s  a funct ion of time t o  see how rap id ly  the  water vapor 

can proceed from one pole  t o  the  other. 21 fu tu re  models, we p lan  to 

include both a source (the melting polar cap) and a s ink  (the forming 

polar  cap) i n  e more realist ic,  per iodic  model of the  seasonal var ia -  

t i o n s  of atmospheric water vapor. 

With reasonable values  f o r  a 

1.3.2 Discussion. Several  models of t he  t ranspor t  of water vapor 

In  these models, t h e  t ranspor t  of water on Mars are being developed. 

vapor i s  e n t i r e l y  due t o  large-scale meridional d i f fus ion ,  with a 

d i f f u s i o n  c o e f f i c i e n t ,  K, independent of l a t i t u d e .  

2 The concentrat ion of water vapor, q(p,t)(grams/cm ), where p = s i n  8 ,  

0 being the  angle of l a t i t u d e ,  and t h e  sources and s inks,  Q j  (v,t)(grams/ 

c m  /sec), are r e l a t e d  by t h e  following equation: 2 

where a is  the  r ad ius  of the  planet. 

Since the  set of Legendre polynomials, Pn(p) e a t i s f i e s  the  equation 

q(p, t ) ,  and Q(p,t) are expanded i n  Legendre polynomials: 

34 



c 

. 

where t h e  c o e f f i c i e n t s ,  qn and an, are  functions of tise. 

Laplace transform of q(p,t) ,  Q(p,t) ,  and $5 , we ge t  

Taking t h e  

acl 

do 

(47 1 

In (49) the set ,[qn(0)},are the coezf ic ien ts  i n  the expansion of q(p,O) , t h e  

i n i t i a l  concentration of water vapor. In se r t ing  Equations (47), (481, 

and (49) i n t o  Equation (43 ) ,  we get 

- 
which gives t h e  f o l l o t ~ i n g  equation r e l a t i n g  Fn and qn ~ : 
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To ob ta in  the  inverse transform, we use the  convolution theorem, 

where 

Thus, t he  equation r e l a t i n g  the  source c o e f f i c i e n t s  and the  concen- 

t r a t i o n  c o e f f i c i e n t s  is: 

( 5 3 )  

I n  t h e  f i r s t  model, t h e  source is due t o  the  sublimation of t he  

0 north polar  cap. 

90°, and it  i s  assumed t h a t  a l l  t h e  ice vaporizes a t  t h e  i n s t a n t  t = O ,  

The simplest  approach t o  t h i s  problem i a  t o  consider Equation (43) a s  

an i n i t i a l  va lue  equation where the  source, Q, is zero f o r  a l l  t i m e ,  

and a t  t i m e  t4 ,  t h e  i n i t i a l  concentration of water vapor q(v,O), is 

1 gram per  square centimeter from 60 t o  90 and zero elsewhere. Thus, 

Equation ( 5 3 )  gives 

The cap has  a constant thickness  of 1 cm from 60 t o  

0 0 

where qn(0) i s  the  n-th coezf ic ien t  i n  t h e  expansion of q(p,O). 
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Sample computations were made by expanding q(w,O)  i n  the  f i r s t  nine 

Legendre polynomials, Po, P1, ... P,, and obtaining the  corresponding 

c o e f f i c i e n t s  q n ( t ) ,  €or t=O, 1 month, 2 months, *.., 6 months ( these are 

Earth months). 

these  times, and f o r  K = 10 

q(p,O), i s  not f i t t e d  too well with the f i r s t  n ine  Legendre polynomials. 

0 

Figure 3 i s  a graph of q(P, t )  a s  a funct ion of P f o r  
10 2 cm /sec, It is  seen t h a t  t he  curve, 

However, due t o  t h e  exponential  fac tor  i n  Equation (54) ,  these  perturba- 

t i ons  become negl ig ib ly  small i n  the  remaining curves. 

t h a t  with t h i s  model water vapor Eirst a r r i v e s  a t  the  south pole  during 

It can be seen 

t h e  second month a f t e r  t he  r e l e a s e  of water vapor from t he  northern 

hemisphere ice cap. By t h e  end of six months, t he  water vapor i s  evenly 

d i s t r i b u t e d  throughout t he  planet.  

I n  the  second model, a more r e a l i s t i c  source funct ion i s  used. In  

t h i s  model, at  the  i n s t a n t  t 4 ,  only t h e  ice a t  t h e  edge of the  north 

polar  cap vaporizes. 

t he  north pole  as the  perimeter of  the cap cont inua l ly  sublimes and gives  

of€ water vapor t o  the  atmosphere. 

is given by 

Then, as t i m e  goes on, t he  ice cap recedes toward 

The source funct ion i n  t h i s  model 

where A is t h e  amplitude, po i s  the s i n e  of t h e  l a t i t u d e  where sublimation 

begins a t  the  i n s t a n t  t4, A p i s  the width of t h e  source €unction, and v is  

t h e  v e l o c i t y  of the  recession or' t h e  ice cap toward t h e  pole. 

computations with t h i s  model w i l l  b e  completed i n  the  near future .  

Numerical 
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1.4 A COMPARISON OF ZONAL WIND VELOCITIES ON MARS AND ElRTH 

Gifford (1964) has summarized iniormation on Itlartian yellow clouds 

that displayed movement. 

into two groups - those that were observed on the disc of Mars and 
those that were observed as terminatw projections. 

that the first group of clouds is located near the surface of b r s  

while the second group is located higher in the atmosphere. 

also presents information on observed drifts of these clouds. 

these data, we have computed average zonal velocities as a function of 

latitude for the projection clouds. 

with average zonal velocities observed in the Earth's atmosphere. 

values for the Earth's atmosphere are based upon an average of the mean 

zonal velocities presented by Obasi (1963) for southern hemisphere win- 

ter and summer. Obasi's values are derived from observations between 

850 mb and 50 mb during 1958. 

He divided Martian yellow cloud occurrences 

Gifford suggests 

Gifford 

From 

In Figure 4, we compare these data 

The 

It must be realized that the number of Martian observations is 

extremely small - about 25. Nevertheless, the similarity between 

the zonal velocities in the two atmospheres is quite interesting. 

both Mars and Earth the zonal west wind increases with latitude to a 

maximum at middle latitudes and then decreases towards the poles. 

comparison suggests that the circulation patterns of the two planets 

may be quite similar. 'here is, however, an anomalous decrease in zonal 

wind on Mars between 20 and 40' latitude. This may be due to the lack 

of representative data for Mars, or it m y  be real. 

On 

This 
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There is one o the r  problem i n  connection with t h e  i n t e r p r e t a t i o n  

of t h e  p ro jec t ion  cloud d r i f t s .  

a r e  r ep resen ta t ive  of atmospheric wind v e l o c i t i e s .  

t i o n  i s  possible.  

of e n t i r e  cloud systems and, thus,  v e l o c i t i e s  derived from such d r i f t s  

may r e f e r  t o  storm t r a n s l a t i o n  speeds r a t h e r  than atmospheric winds. 

We have assumed t h a t  t h e  cloud d r i f t s  

Another i n t e rp re t a -  

It may be t h a t  t he  cloud d r i f t s  represent  motions 
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SECTION 2 

METEOROLOGY OF VENUS 

2.1 ATMOSPHERIC CIRCULATION I N  THE VENUSIAN ATMOSPHERE 

The convective model of the  compressible atmosphere proposed i n  the  

previous F ina l  Report (Contract No. MSw-975) was develgped i n  order  to  

study the  general  c i r cu la t ion  of the Venusian atmosphere. Unsuccessful 

a t tempts  were made t o  solve the  resu l t ing  s i x t h  order  l i n e a r  ordinary 

d i f f e r e n t i a l  equation by f i n i t e  difference techniques. 

f o r  salving a di f fe rence  equation of order  

t o  numerical so lu t ions  with r a t h e r  la rge  e r rors .  Apparently, these tech- 

niques f a i l e d  completely i n  our  attempts t o  80lve the  sixth-order d i f f e r e n t i a l  

equation. 

atmosphere is developed here. Instead of using t h e  f i n i t e  d i f fe rence  tech- 

nique, we assume a s e t  of Fourier  s e r i e s  so lu t ions  f o r  dependent var iab les .  

The coe f f i c i en t s  of the  terms of t h e  Four ie r  series w i l l  be f i n a l l y  deter- 

mined by a l i n e a r  a lgebra ic  method. 

Present techniques 

higher  than two usual ly  lead  

A new approach to o u r  problem of convection i n  a compressible 

Instead of obtaining the  so lu t ion  f o r  t he  sixth-order d i f f e r e n t i a l  

equation (94) o r  (95) of the previous F ina l  Report (Contract No. NASw-975), 

we retain equations (87) and (88) i n  t h e i r  o r i g i n a l  form and combine ( S S j ,  

( 8 6 )  and (89) to  eliminate p  ̂ and This process leads t o  the  following 

equations : 
A h 

LT = cbw # ( 5 5 )  
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where 

n 
V n n 

B T = vp0(z)Lw - 5 [Dpo(z)]L$ - 2 po(z)DL; +% p0(z)Lu , (57) 

d2 2 L 5 - r  Ob 2 dz 
¶ 

aT 3 = constant , 
K H(z) 

PsYK* 

gTs 

1- K* V 
c_ 

¶ po(z) = - (1 - f ) K* 

H(z)  = - - 
K*-f Y 

¶ 

(for an explanation of other notations, please refer t o  the Final Report, 

NASW- 97 5) 0 

Now use the transformation for  z 

h z = ; z * ,  

where h = the depth of the atmospheric system. 

and (57) become 

Then Equations (55), (56) 

(59) 



t 

where 2 
=b* L*=--- d2 2 

d=* 

d D, = - 
dz* 

bh b, = - n 

s 

? 

K* 
I & = - -  

K*-1 rn t 

h n 
Since the boundary conditions for u and w are zero a t  Z* = 6 and e* = X ,  

i t  i s  natural to assume the solutions for  u and w i n  Fourier s ine  ser i e s  
h n 

as  

and 00 

The boundary conditions for T are somewhat different ,  &.e. 

h 

T = T  8 a t  z * =  0 , 
g 

and 
h 

T = O  , a t  

44 
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t 

It seems t h a t  a s i n e  series would not be very adequate for the  form 

f o r  T i n  t h i s  case s ince  t h e  sine s e r i e s  w i l l  no t  y i e l d  the  co r rec t  boundary 
h 

condi t ion  a t  z * =  0. However, assuming t h e  s o l u t i o n  of T as a s i n e  series 

i n  the  domain wi th in  t h e  boundaries is q u i t e  leg i t imate .  Although the  s i n e  

series would converge r a t h e r  slowly near the  lower boundary, a representa- 

t ive so lu t ion  can be obtained c lose  to  t h e  lower boundary if enough terms 

are included. 
h 

The boundary condition f o r  T a t  t h e  lower boundary can be 

introduced i n t o  t h e  so lu t ion  by t h e  following method. 

If we s u b s t i t u t e  (62) i n t o  (58), mult ip ly  both s i d e s  of Equation (58) 

by s i n  meJc, and i n t e g r a t e  with respect t o  z* from 0 t o  n, then we have 

Now, i n t e g r a t i n g  by p a r t s  t h e  f i r s t  term on t h e  l e f t  hand s i d e  and using 

the  boundary condi t ion  T = 0 a t  zdr L+ A and Tm = T a t  a = 0 y i e l d s  
g 

+ mT 3. m2 f s i n  =,de, 
g 

0 

Assuming 

and s u b s t i t u t i n g  (65) and (64) in to  (63), one o b t s i n s  
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o r  

w - (66 )  
- @* 

T m -  2 2 m  m (1 + vb, ) 

Now s u b s t i t u t i n g  (61) and (62) i n t o  (59) and multiplying by s i n  h, and 

in t eg ra t ing  with respec t  to z* from 0 t o  n, we ob ta in  

03 x 

Similarly,  s u b s t i t u t i n g  (61) and (62) i n t o  (60), multiplying by s i n  nz*, 

and in t eg ra t ing  with respec t  t o  z* from 0 t o  x, we ob ta in  

m = l  o 

00 n 

- .. xne i;nird tirru sf the r igk t  ha~..c! a i d e  of (68) conta ins  a t h i r d  de r iva t ive  

of u o r  s i n  k?z, with respec t  

is worthwhile t o  mention here  t h a t  we cannot take  the  t h i r d  de r iva t ive  of 

s i n  Jz, d i r e c t l y ,  f o r  we have no knowledge of d u/dz: a t  t h e  boundaries. 

t o  zdr under t h e  s i g n  of  in tegra t ion .  It 

2 
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Instead we must i n t e g r a t e  the t h i r d  der iva t ive  once. 

on the r i g h t  hand s i d e  of (68) becomes 

Then the  t h i r d  term 

Af te r  s u b s t i t u t i n g  (69) i n t o  (68) and canceling out  t he  second term of (68) 

with the  f i r s t  term of (69)# one obtains 

00 x 

or ,  i n  a concise form, 

where 
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. 
and 

0 

Subs t i tu t ing  (66) and (67) i n to  (71) one obtains  

x w w  

T ------+-. (74) 
'.kWn 

2 0 s i n  mz* s i n  az,dz, g(k?,n) - I >  n( l  + ab, ) n(1  + ab, ) 

I f  we truncate  the  Fourier s e r i e s  a t  t he  30th term ( a ,  m, n = 1, 2, ..., 30), 

then a 30 x 30 matrix w i l l  be  eventually solved i n  order t o  obta in  i J m ( m =  1, 

2, ...) 30). Thus, t he  v e r t i c a l  ve loc i ty  can be obtained a s  a s i n e  s e r i e s  

with determined coef f ic ien ts .  Once the  v e r t i c a l  ve loc i ty  i s  obtained, one 

can obta in  the  temperature and horizontal  ve loc i ty  from Equations (62) and 

(63) respectively.  

Numerical evaluat ion of the matrices i s  planned. 

2.2 THE COMPOSITION OF THE VENUSIAN CLOUDS 

2.2.1 Introduction. From an ana lys i s  of the  near in f ra red  r e f l e c t i o n  

spectrum of  t he  Venusian clouds, Bottema e t  al .  (1964) have concluded t h a t  
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t he  clouds are composed of ice c rys ta l s .  

clouds on Venus have been given by Sagan and Kellogg (1963) and, more re- 

cent ly ,  by Chamberlain (1965). 

of t h e  water vapor mixing r a t i o  derived from the  observat ions of water 

vapor amounts above t h e  Venusian clouds and t h e  required sa tu ra t ion  mixing 

ra t io  for  condensation a t  t he  observed cloud- top temperatures. Such a .Corn- 

par ison ind ica t e s  t h a t  t h e  water vapor mixing r a t i o s  are below those 

required for condensation. However, t he  computations by Sagan and Kellogg, 

and Chamberlain, are  based upon the assumption t h a t  the  water vapor mixing 

r a t i o  i s  constant  with a l t i t u d e  above t h e  clouds. This is not necessar i ly  

the  Case. I n  the  ea r th ' s  atmosphereo fo r  example, t he  water vapor mixing 

r a t i o  general ly  decreases with a l t i t ude .  I n  t h i s  sect ion,  w e  i nves t iga t e  

whether condensation can occur a t  the  cloud-tops, i f  t he  water vapor mixing 

r a t i o  decreases with a l t i t u d e  a t  rates comparable t o  those i n  t h e  e a r t h ' s  

a tmoq here  

Arguments aga ins t  i c e  (or water) 

These arguments are based upon a comparison 

2.2.2 Discussion. The water vapor mixing r a t i o  i s  defined as the  

r a t i o  of t h e  dens i ty  of water vapor t o  the  dens i ty  of t he  dry atmosphere 

containing the  water vapor. However, to  a high degree of approximation, 

i t  can be represented as 

where w i s  t h e  mixing r a t i o ,  p, is t h e  water vapor density,  and p i s  the  

t o t a l  dens i ty  of t he  atmosphere. Spectroscopic observations y i e l d  t h e  
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4 

t o t  1 amount f water vapor above a given r e f l e c  ing leve l ,  which i s  

equiva 1 en t t o  

- 2  with un i t s  of g cm . The r e s u l t s  of several  such observations a r e  shown 

i n  the  second column of Table 1. It may be noted t h a t  Bottema e t  al.(1964) 

give two d i f f e r e n t  values based upon two d i f f e r e n t  r e f l e c t i n g  leve ls ,  while 

Spinrad (1962) gives only an upper l i m i t  t o  the  poss ib le  amount of water 

vapor. I f  it i s  assumed t h a t  the water mixing r a t i o  i s  constant  with a l t i -  

tude, i t s  value can be obtained a s  follows. From the d e f i n i t i o n  of  mixing 

r a t i o  

In tegra t ing  both sides with respect t o  height,  and using the  hydros ta t ic  

equation, we have 

2 z 

where p 

t i o n a l  accelerat ion.  The mixing r a t i o  can then be wr i t t en  as 

is t he  pressure a t  the  r e f l ec t ing  leve l ,  and g is  t h e  gravita- 
2 

Table 1 indica tes  the  r e s u l t s  of such computations i n  the column labeled 

k = 0. The sa tu ra t ion  mixing r a t i o  i s  
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where m /m i s  the  ratio of t he  molecular weight of water vapor to  the  

molecular weight of the  Venusian atmosphere, and e is the  s a t u r a t i o n  

vapor pressure. 

phere is equal t o  t h a t  of nitrogen, mv/m = 0.64. 

temperature i s  235I<,then es = 0.16 mb, and ws = 1.15 x 

top pressure of 90 mb and 1.7 x 

It can be seen from Table 1 t h a t  the constant  mixing ratios are much l e s s  

than the  sa tu ra t ion  mixing r a t io s .  On the  bas i s  of similar computations, 

Sagan and Kellogg (1964) and Chamberlain (1965) have questioned the  

aqueous nature  of the  Venusian clouds. 

V 

S 

I f  we assume the  molecvlar weight of t he  Venusian atmos- 

I f  t he  cloud-top 

f o r  a cloud- 

f o r  a cloud-top pressure  of 600 mb. 

Gutnick (1962) has analyzed the v a r i a t i o n  of water vapor nixing r a t i o  

with a l t i t u d e  a t  middle l a t i t u d e s  i n  the  ea r th ' s  atmosphere. I n  t h e  

troposphere, t he  average mixing r a t i o  decreases logari thmical ly  with 

a l t i t u d e ,  Such a decrease can be represented by 

Gutnick's da ta  ind ica t e  t h a t  the  average value of k is about 0,375 km-l 

between the  sur face  and 7 km, and about 0.56 km-' between 7 km and 14  km. 

I f  we assume similar va r i a t ions  of mixing r a t i o  with a l t i t u d e  above 

the  Venusian clouds, keeping the  t o t a l  water vapor amount cons is ten t  with 

the  observations,  what mixing r a t i o s  would be obta in  a t  the  cioud-topi 

We have 

-kz w =  wo e 
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f o r  t h e  v a r i a t i o n  of mixing r a t i o  above the  clouds. 

r a t i o ,  k = 0. 

be w r i t t e n  as  

For constant  mixing 

The v a r i a t i o n  of water vapor dens i ty  with a l t i t u d e  can then 

where the  subscr ip t  zero refers to  the cloud-top. 

pher ic  dens i ty  with a l t i t u d e  is 

The v a r i a t i o n  of atmos- 

- z/H 
P ' P , e  

where H is t h e  scale height.  

of 235K and g = 880 cm/sec2, H = 7.9 km. 

have 

For a ni t rogen atmosphere with a temperature 

Subs t i tu t ing  (83) i n t o  (82), we 

- (0.127+k) z 
Pv = (PJ0 e . 

The i n t e g r a l  of (84) with respect to  he ight  must be equal t o  t h e  observed 

t o t a l  amount of water vapor above the cloud, 

03 00 - (0.127+k)z 
e 

0 0 

In t eg ra t ing  the  r i g h t  hand s i d e  of  (85) and solving f o r  (p,) we f i nd  
0 

00 

P 
= (0.127 + k) J pvdz . (86 j 

(pv)o 
0 

The mixing r a t i o  a t  the  cloud top  can then be obtained from ( ~ ~ / p ) ~ ,  where 

p is computed from 
0 
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where p and T a r e  the pressure (90 mb and GOO mb) and temperature (23510 

a t  the  cloud top, and R i s  the universal  gas constant.  Cloud-top mixing 

r a t i o s  computed i n  t h i s  manner a r e  shown i n  Table 1 f o r  the k = 0.375 and 

k = 0.56. It: is  apparent from Table 1 t h a t  these  mixing r a t i o s  a r e  much 

c lose r  t o  the  required sa tu ra t ion  mixing r a t i o s  and, i n  f a c t ,  s a tu ra t ion  

would occur f o r  the  data  of Bottema e t  a l .  (1964) i n  the  90 mb case  for 

k = 0.56. 

* 

Thus, a t  l e a s t  f o r  the  observations of Bottema e t  a1.(1964), the  

observed water vapor amounts are compatible with an  ice c r y s t a l  cloud i f  

the  cloud-top pressure i s  about 90 ab, the  cloud-top temperature i s  235K 

o r  less, and the  water vapor mixing r a t i o  decreases with a l t i t u d e  a t  a 

r a t e  comparable to  t h a t  i n  the  ear th ' s  upper troposphere. There i s  no 

reason t o  be l ieve  t h a t  t h e  assumption of a constant mixing r a t i o  above the  

cloud i s  b e t t e r  than the  assumption of a logarithmic decrease. 

a b e t t e r  case can be made f o r  the assumption of  a logarithmic decrease 

since,  i f  t he  clouds are composed of water substance, the  v a r i a t i o n  of 

mixing r a t i o  with a l t i t u d e  might be s imilar  t o  t h a t  observed above ter-  

r e s t r i a l  clouds. A reasonable estimate of such a va r i a t ion  i s  the  average 

value of the  upper tropospheric va r i a t ion  of mixing r a t i o  i n  the  ea r th ' s  

atmosphere. As indicated above, t h i s  value leads, unde r  c e r t a i n  conditions,  

to  claii&tay; zixizg r z t i c ~  rr\mpfitihle with the presence of clouds composed 

of water substance. 

observed water vapor amounts and t h e  presence of water clouds on Venus can 

be achieved under c e r t a i n  conditions. O r ,  p u t  another way, the  observed 

water vapor amounts, a t  the present s t a t e  of our knowledge a r e  not incom- 

p a t i b l e  with the presence of water clouds on Venus. 

I n  f ac t ,  

Thus, we may conclude t h a t  compat ibi l i ty  between the  
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